Members of a family of repeat-containing surface proteins of group B streptococci (GBS) defined by the alpha C and Rib proteins exhibit size variability and cross-reactivity and have been studied as potential vaccine components. We report evidence of horizontal DNA transfer with subsequent recombination as a mechanism generating diversity within this antigen family. Alp2 and Alp3 are additional members of the alpha C protein family identified in strains of the emerging GBS serotypes V and VIII. Each contains an overall genetic organization highly similar to that of the alpha C and Rib proteins, including a tandem repeat region and conserved N-and C-terminal regions. Among different strains, protein size varies according to the number of tandem repeats within the corresponding gene. Unlike the alpha C and Rib proteins, however, the newly described alpha-like proteins contain other regions, including one similar to the IgA-binding region of the GBS beta C protein, a nontandem repeat region, and an isolated repeat highly homologous to the alpha C repeat. Sequence analysis of the regions flanking the alpha C protein gene on a 13.7-kb insert reveals several ORFs that are likely to be involved in basic metabolic pathways. Analysis of corresponding flanking regions in other GBS strains, including the parent strains of the newly described alpha-like proteins, shows striking conservation among all strains studied. These findings indicate that the alpha-like proteins are encoded by mosaic variants at a single genomic locus and suggest that recombination after horizontal DNA transfer is a means of generating diversity within this protein family.
Members of a family of repeat-containing surface proteins of group B streptococci (GBS) defined by the alpha C and Rib proteins exhibit size variability and cross-reactivity and have been studied as potential vaccine components. We report evidence of horizontal DNA transfer with subsequent recombination as a mechanism generating diversity within this antigen family. Alp2 and Alp3 are additional members of the alpha C protein family identified in strains of the emerging GBS serotypes V and VIII. Each contains an overall genetic organization highly similar to that of the alpha C and Rib proteins, including a tandem repeat region and conserved N-and C-terminal regions. Among different strains, protein size varies according to the number of tandem repeats within the corresponding gene. Unlike the alpha C and Rib proteins, however, the newly described alpha-like proteins contain other regions, including one similar to the IgA-binding region of the GBS beta C protein, a nontandem repeat region, and an isolated repeat highly homologous to the alpha C repeat. Sequence analysis of the regions flanking the alpha C protein gene on a 13.7-kb insert reveals several ORFs that are likely to be involved in basic metabolic pathways. Analysis of corresponding flanking regions in other GBS strains, including the parent strains of the newly described alpha-like proteins, shows striking conservation among all strains studied. These findings indicate that the alpha-like proteins are encoded by mosaic variants at a single genomic locus and suggest that recombination after horizontal DNA transfer is a means of generating diversity within this protein family. G roup B streptococcus (GBS; Streptococcus agalactiae) is an important cause of invasive infection in newborns, pregnant women, and immunocompromised adults. Present on most GBS strains is a surface-associated protein antigen belonging to a family of GBS proteins, of which the alpha C protein is the prototype (1) (2) (3) (4) (5) . Although the precise role of the alpha C and related proteins in the pathogenesis of GBS disease is not known, deletion of the alpha C protein gene results in attenuated virulence of GBS in animals (6) . The ability of the alpha C protein and other related proteins to elicit antibody-mediated protection in experimental animals has led to investigation into their potential role in maternal GBS vaccines.
A striking feature of the gene encoding the alpha C protein is the series of identical, tandem repeating subunits that make up the majority of the gene (7) . After a typical Gram-positive signal sequence and a unique N-terminal encoding region, the prototype alpha C protein from type Ia͞C strain A909 contains a series of nine identical, 246-bp tandem repeating subunits, a partial identical repeat 33 bp in length, and a region encoding a C-terminal cell wall-associating motif common to many Gram-positive surface proteins (8) . Other GBS strains possess alpha C proteins of varying sizes, corresponding to varying numbers of genetic repeats (9) . The existence of a protein family was suggested by the observation that the Rib protein, purified from a type III GBS strain, is a homolog of the alpha C protein gene. It has a similar N-terminal encoding region, a series of 12 237-bp identical tandem repeats, and a highly conserved C-terminal encoding region (10) . Phenotypic characteristics of alpha-like proteins from type V and VIII GBS suggest that these proteins also are related (4, 5, 11) and likely possess a similar genetic organization. Some of the proteins, such as the alpha C and Rib proteins, are immunologically distinct from each other, but others, such as the alpha C and an alpha-like protein from type V GBS, cross-react on Western blots (4, 5) .
A common feature among several Gram-positive surface protein families is an ability to display variation within antigenic epitopes, presumably as a means of evading host immunity. For example, in the M protein family of group A streptococci, a variety of mechanisms including point mutations (12) , homologous recombination between repeat regions (13) , and horizontal transfer of DNA (12, 14) have been reported to contribute to sequence diversity. Pneumococcal surface protein A (PspA) is highly variable in the surface-exposed N-terminal region; mechanisms accounting for this variability have not been clearly defined, although mutations and horizontal genetic exchange have been suggested (15) . In GBS, we showed previously that deletions in the tandem repeat region are an important means by which antigenic diversity is generated within the alpha C protein (16, 17) . Isolates with reduced numbers of repeats are able to escape recognition by host antibodies elicited by the full-length protein.
Here, we report the sequences of the genes encoding two members of the alpha C protein family from the emerging GBS serotypes V and VIII (4, 5) . Like the alpha C and Rib protein genes, these genes each contain a tandem repeat region and conserved Nand C-terminal encoding regions, but they also contain an additional nontandem repeat region. Comparison of the genes encoding alpha-like proteins from types V and VIII GBS with other GBS protein genes reveals that the newly described protein genes are mosaics, that is, they appear to be composed of conserved structures rearranged from genes encoding different GBS proteins. Comparison of the regions flanking the alpha C and related protein genes indicates that these genes are alleles at a specific genomic locus. These results indicate that recombination of horizontally acquired DNA is a means by which antigenic diversity is generated in the alpha C protein family of GBS.
Materials and Methods
Bacterial Strains, Plasmids, Proteins, and Antisera. GBS type V strains G-107 and HIA-00086 (blood isolates), H4B-0052 (rectal isolate), and H4A-0158 (vaginal isolate) were studied previously as part of a panel of type V strains (4) . Type V strain CJB-110 and type VIII strains JM9-130013, SMU 071, and SMU 093 have been described (5) . Type Ia͞C strain A909 (alpha C protein prototype strain) (7), Abbreviations: GBS, group B streptococci; Esp, enterococcal surface protein.
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type II strain 18RS21 (nonexpresser of alpha C or an alpha-like protein) (4), and type III strain BM-110 (Rib protein prototype strain) (10) have been described. pJMS23 is a 13.7-kb restriction fragment isolated from GBS strain A909 that contains the complete alpha C protein structural gene (1) . pCRII and Escherichia coli strain INV␣ were purchased (Invitrogen), as was E. coli strain XLI-Blue (Stratagene). Alpha-like proteins purified from strains CJB-110 and JM9-130013 and rabbit antisera raised to these proteins have been described (4, 5) .
Cloning and Sequencing of the Alpha-Like Protein Genes from Types V and VIII GBS. Chromosomal DNA was prepared from GBS by phenol͞chloroform extraction (16) or by a colony chromosomal DNA method (18) . Amplification of chromosomal DNA was carried out by using the following primers synthesized according to sequence flanking bca, the gene encoding the alpha C protein: 5Ј-TGGTGGACAAGAAAAAGTTCT-3Ј (forward primer) and 5Ј-TGTTCACACCAATAAATGGTGA-3Ј (reverse primer). PCR products amplified from strains CJB-110 and JM9-130013 were cloned into E. coli by using pCRII according to the manufacturer's instructions (Invitrogen). Expression of the alpha-like protein genes was confirmed by Western blotting of SDS extracts of clones with homologous antiserum (4) .
Amplified product pooled from at least 10 PCRs was sequenced on an automated sequencer (ABI PRISM 377 DNA Sequencer; Perkin-Elmer͞Cetus) at the Brigham and Women's Hospital DNA Sequencing Facility. Initial sequencing reactions were performed with the primers used to amplify the genes; additional primers were synthesized according to new sequence (Midland Certified Reagent, Midland, TX). Sequence assembly and editing were performed with SEQUENCHER 3.0 (Gene Codes, Ann Arbor, MI). GCG8 was used for sequence analysis (Genetics Computer Group, Madison, WI). GenBank searches were performed with Basic Local Alignment Search Tool (BLAST). For homology searches with the enterococcal genome, preliminary sequence data were obtained from The Institute for Genomic Research web site at http:͞͞ www.tigr.org. For homology searches with the GAS genome, preliminary sequence data were obtained from the University of Oklahoma Streptococcus pyogenes Genome Blast Server at http:͞͞ www.genome.ou.edu͞strepblast.html.
Restriction Enzyme Analysis of Alpha-Like Protein Gene Repeats. The tandem repeat region of the alpha-like protein genes from strains JM9-130013, H4A-0158, and HIA-00086 were amplified as described above by using primers flanking these regions: 5Ј-GATGATCTTAAAGCTAAGTAT-3Ј (forward primer) and 5Ј-GCTGGTAGTTTATTTCCTTTACC-3Ј (reverse primer). PCR amplicons were digested overnight with BglII or HpaII at 37°. Digested DNA was visualized by electrophoresis on ethidium bromide-stained 2.0% agarose gel.
Analysis of Regions Flanking the Alpha C and Alpha-Like Protein
Genes. The 13.7-kb insert of pJMS23, exclusive of the previously sequenced bca gene (7), was sequenced at the Harvard Medical School Microbiology DNA Core Facility and at the Beth Israel Deaconess Medical Center Molecular Medicine Unit with automated sequencers (ABI Prism 377 DNA Sequencer; PerkinElmer͞Cetus). For the flanking region 5Ј to bca and for approximately 2.1 kb immediately 3Ј to bca, overlapping sequences derived from enzyme digestion of pJMS23 were subcloned into E. coli XLI-Blue by using the phagesmid pBluescript (Stratagene). The remaining 3.9-kb downstream flanking region was amplified and sequenced directly from pooled PCRs. Initial sequencing primers were based on known sequence of the vector or on primers used to generate PCR product; additional primers were synthesized according to new sequence (Great American Gene Company, Ramona, CA). GCG8 was used for sequence analysis. Putative functions were assigned to ORFs according to homology searches of GenBank by using BLAST. PCR and selected sequencing were used to generate maps of the flanking regions of the alpha-like protein genes in the following strains: CJB-110 (Alp2), JM9-130013 (Alp3), BM110 (Rib), and 18RS21 (alpha-like protein nonexpresser). Chromosomal DNA was prepared from these strains as described above. For the PCR analysis, the following primer pairs were synthesized according to the sequence of pJMS23 ( Fig. 3) : N-1, 5Ј-ACGATACCACCA-CAAGTCTGAA-3Ј (forward primer) and 5Ј-GGAGAACTTT-TTCTTGTCCACC-3Ј (reverse primer); N-2, 5Ј-GGGTCAAT-AACATTGCTACGCCAG-3Ј (forward primer) and 5Ј-CCGTT-GTTTCGTCTGTGAAGTATC-3Ј (reverse primer); C-1 5Ј-CCAGCAACAGGTGAGAATGCAACTC-3Ј (forward primer) and 5Ј-ATGGTAATGCTCAGTTCCGAGTTC-3Ј (reverse primer); and C-2 5Ј-GGTCATTTGCTTCTGTAAGTGGAAG-3Ј (forward primer) and 5Ј-GACACTGCCAAGCTGATCGAT-CAAC-3Ј (reverse primer).
Where indicated, PCR amplicons were sequenced by using the primers used to generate the PCR fragments as the initial sequencing primers.
Results

Cloning and Sequencing of Alpha-Like Proteins from Types V and VIII
GBS. Amplification of chromosomal DNA prepared from GBS strains CJB-110 (type V) and JM9-130013 (type VIII) with primers directed to regions flanking the alpha C protein gene yielded products of approximately 2.8 and 3.1 kb, respectively. The PCR products each were cloned into E. coli strain INV␣. Western blotting of SDS extracts of the clones with antiserum raised to the homologous protein demonstrated protein expression (data not shown).
Analysis of the PCR amplicon from type V strain CJB-110 demonstrated a single ORF of 2,358 bp (alp2) (GenBank accession no. AF208158) encoding a protein of 786 aa with a predicted molecular size of 78,855 Da (Alp2) (Fig. 1A) . Analysis of the PCR amplicon from type VIII strain JM9-130013 demonstrated a single ORF of 2,595 bp (alp3) (GenBank accession no. AF245663), encoding a protein of 865 aa with a predicted molecular size of 87,680 Da (Alp3) (Fig. 1B) . Because the repeat region of the alp3 is too large to be spanned by a single sequencing reaction, the complete sequence was derived from two contiguous sequences, one each originating from the 5Ј and the 3Ј ends of the amplicon. The number of repeats (five) within the repeat region of alp3 was calculated from the PCR amplicon size.
For both alp2 and alp3, the putative prokaryotic promoter consensus (TATAAT) begins 45 bases upstream from the initiation codon and is identical to the corresponding region of the alpha C protein gene. For each, the length of the 56-aa signal peptide was determined by comparison of the deduced sequence with the actual amino acid sequence determined by Edman degradation of the purified proteins (4, 5) . Homology studies with the alpha C and Rib protein sequences show that the N-terminal region common to Alp2 and Alp3 is 172 aa in length, with a calculated molecular size of 18,932 Da, and is 70% identical to the N-terminal sequence of the alpha C protein and 60% identical to that found in Rib (7, 10) (Fig. 1) . Immediately adjacent to the N-terminal region in both Alp2 and Alp3 is an ''A'' region containing 51 aa with a predicted molecular size of 5.8 kDa. A ''U'' region of 137 aa with a predicted molecular mass of 14.9 kDa follows. The U region is 34% identical to a region within the beta C protein, a nontandem repeat-containing GBS surface protein that binds to the Fc portion of human IgA (19, 20) . Western blot analysis showed no binding of IgA or betaspecific antibody to Alp2 or Alp3 (data not shown).
After the U region, the sequences of Alp2 and Alp3 abruptly diverge. In Alp2, a second (i.e., nontandem) A repeat follows, identical at the amino acid level to the first and differing at the nucleotide level by only 1 bp. After the second A repeat is a ''B'' repeat region containing two complete repeats of 76 aa (differing at the nucleotide level by 1 bp) and one partial repeat of 41 aa (identical at the nucleotide level to the first B repeat). The deduced amino acid sequence of the B repeat is 67% identical to the Rib repeat and 38% identical to the alpha C protein repeat. Immediately after the B repeat region is an 82-aa sequence that is 88% identical to the alpha C protein repeat. The 45-aa C-terminal region is 96% identical to the corresponding region of the alpha C protein and 91% identical to the C-terminal region of the Rib protein. This region incorporates a cell wall-associating motif (LPXTGX) common to many Gram-positive surface proteins.
In Alp3, the U region is followed by a B repeat region containing five tandem repeats, each 79-aa long and 99% identical to the repeat region of the Rib protein and a partial repeat 13 aa long. The first 39 bp of the first B repeat are highly similar, but not identical, to the first 39 bp in subsequent B repeats and may represent a junctional area resulting from a recombination event. Otherwise, the tandem repeats are identical to each other at the nucleotide level except for a single base-pair substitution present in alternating repeats. After the B repeat region is a C-terminal region that is nearly identical to that of Alp2. Except for the number of repeats, the sequence of this protein is 98% identical to the recently published sequence of R28 from S. pyogenes (21) .
Size of the Alpha-Like Proteins from Types V and VIII GBS Is Determined by the Size of the Tandem Repeat Region. PCR analysis of the alpha C protein from different GBS isolates demonstrated that variation in the number of repeats on a Western blot corresponded to the number of tandem nucleotide repeats (16) . It is hypothesized that the same phenomenon is responsible for the size variability of protein Rib (10) . Here, we show that the number of repeats within the tandem repeat regions of the Alp3 gene determines the size of the corresponding protein (Fig. 2) . Western blot analysis of six additional type V and VIII strains using antiserum to Alp3 demonstrated alpha-like proteins of various sizes. The genes encoding these proteins were amplified from the parent strains and sequenced, revealing that each of the genes is identical to alp3 except for the number of tandem B repeats. For four strains with three or fewer repeats, the entire gene was sequenced. For two additional strains (H4A-0158 and HIA-00086) in which the tandem repeat region was too large to be spanned by a single sequencing reaction, the nonrepeat regions of the gene and at least two repeats at either end of the repeat region were sequenced. To confirm that the remainder of the repeat region was composed entirely of tandem repeats, the region was amplified from each strain and subjected to endonuclease digestion with BglII or with HpaII, each of which recognizes only one site within each tandem repeat. Agarose gel electrophoresis of the digested product demonstrated a prominent band of 237 bp, corresponding to the size of the individual repeat, and two additional bands, corresponding to the predicted size of the fragments at either end of the repeat region (data not shown).
Analysis of the Flanking Regions of Alpha-Like Protein Genes in a Panel
of GBS Strains. Similarities and divergences in the chromosomal regions flanking the alpha-like protein genes from selected GBS strains were analyzed to determine whether these genes were present in a conserved locus on the GBS chromosome and to identify features that might suggest a virulence cassette or other mobile genetic element. First, the regions flanking the bca gene contained on the 13.7-kb plasmid pJMS23 were sequenced [GenBank accession no. AF248037 (upstream region) and AF248038 (downstream region)]. Analysis of these regions revealed 14 ORFs (Fig. 3) , most of which appear to be housekeeping genes, based on BLAST analysis (Table 1) . ORF 7 appears to be a truncated integrase on the basis of sequence homology with integrases from Grampositive bacteriophages. No other genes involved with integration were apparent. No significant homology with an alpha-like protein gene was found by BLAST search in the GAS or enterococcal genome databases.
Maps of the chromosomal regions flanking the alpha-like protein genes from strains CJB-110 (Alp2), JM9-130013 (Alp3), BM-110 (Rib), and 18RS21 (alpha-like protein nonexpresser) were constructed by using data obtained by PCR and partial sequencing and show that flanking regions in all strains studied are highly conserved (Fig. 3) . PCR using the N-1 primer pair generated a product of approximately 3,850 bp for all strains except 18RS21, for which the PCR product was 800 bp longer. Sequencing of approximately 700 bp from either end of the N-1 PCR products revealed near-identity (Ͼ95%) among pJMS23, CJB-110, and 18RS21. Additional sequencing of the N-1 amplicon from 18RS21 demonstrated a region with near-identity to an IS1381 variant from strain A909 (22) . The sizes of the N-2 amplicons were indistinguishable among all strains studied.
Analysis of the 3Ј flanking regions also revealed a high degree of conservation. PCR amplicons were generated with the C-1 and C-2 primer pairs for all strains studied. Sequencing of the 2.8-kb C-1 amplicon from 18RS21 revealed near-identity with the corresponding region of pJMS23 except for the presence of a truncated IS1191 element (23) . The C-1 amplicons from JM9-130013 and BM110
both were approximately 2.5 kb, and single sequence reactions from the ends revealed near-identity (Ͼ95%) of each with that of pJMS23. The C-1 amplicon from CJB-110 was approximately 6.5 kb; sequencing of approximately 200 bp from the 5Ј end of the amplicon showed Ͼ95% identity with the corresponding region of pJMS23. The sequence of the C-2 amplicon from CJB-110 essentially is identical (Ͼ99%) to that from pJMS23. The C-2 amplicons from JM9-130013, BM110, and 18RS21 are each approximately 650 bp in length and Ͼ99% identical to each other and to pJMS23, except for a large deletion.
Highly Conserved Regions within Members of the Alpha C Protein
Family. Multiple sequence alignments were performed to identify common motifs among the Alp2, Alp3, alpha C, and Rib proteins from GBS, R28 from GAS, and the repeat-containing protein Esp (enterococcal surface protein) from Enterococcus faecalis. The sequences of the N-terminal encoding regions of Alp2 and Alp3 were nearly identical to those of the alpha C and Rib proteins through position 333, beyond which variability is apparent (not shown); no significant homology with Esp was seen in the N-terminal encoding region.
Alignment of the repeat regions indicated several motifs that were highly conserved among all of the GBS and GAS repeat elements and the B and C repeats of the enterococcal Esp protein (Fig. 4) . Except for the B repeat of Alp2, the 5Ј ends of all of the repeat elements were located within a highly conserved 5Ј region (motif A); the location of this motif at the junction of different mosaic blocks suggests that it facilitates recombination. The 5Ј end of the first B repeat of Alp2 is located in another conserved region (motif B) and, thus, also may represent a recombination site. A third conserved motif (motif C), V-E͞V-V-T-Y-P-D-G-T͞S-K-D-T-V, that has been described previously in Esp, Rib, and the alpha C protein appears not to be a junctional motif, which suggests that it instead plays a functional role at the amino acid level (24) .
Discussion
In this report, we provide evidence that diversity in the alpha-like protein gene family of GBS arises from a combination of recombination events operating at a specific genomic locus. We describe the sequences of Alp2 and Alp3, two new members of a GBS protein family that has been defined previously by the alpha C protein and protein Rib. Alp2 and Alp3 are included in this protein family by virtue of immunologic cross-reactivity and Fig. 3 . Homology of the flanking regions of the alpha C and alpha-like protein genes. The 13.7-kb insert of pJMS23, exclusive of the previously sequenced bca gene, was sequenced. pJMS23 originally was constructed from strain A909 (7). ORFs are designated by solid arrows. Numbers above the solid arrows correspond to the ORF numbers listed in Table 1 . bca is the gene encoding the alpha C protein. characteristic features that are shared with the alpha C and Rib proteins, including a large, internal, tandem repeat region and extremely similar N-and C-terminal encoding regions. In addition, Alp2 and Alp3 exhibit features not seen in the alpha C or Rib proteins, notably a modular structure, suggesting incorporation of genetic regions originating from diverse sources. Sequence analysis of the flanking regions of the alpha C protein gene present on the 13.7-kb insert of pJMS23 revealed several ORFs that are likely to be involved in basic metabolic pathways. Analysis of additional GBS strains that express other alpha-like proteins showed striking conservation of the flanking regions. These findings suggest that the alpha-like proteins are encoded by variant genes at a single location on the GBS genome.
We previously showed that deletions in the alpha C protein repeat region occur in vivo under selective antibody pressure and lead to alterations in antigenicity, probably as a result of conformational changes (17) . Isolates with reduced numbers of repeats are able to escape recognition by host antibodies generated to the full-length protein (16); a likely mechanism is homologous recombination between identical repeats. As in the alpha C and Rib proteins, variation in the number of nucleotide repeats in the tandem repeat regions accounts for the size heterogeneity of Alp3, suggesting that intragenic recombination contributes to allelic diversity. Although a selective advantage for a decreased number of repeats has been demonstrated, at least in the alpha C protein, the value to the organism of an increased number of repeats is not known but may relate to the ability of the molecule to adhere to host tissues. Tandem repeat regions of other Gram-positive surface proteins are involved in binding to polysaccharides or other proteins (15, 25) , including epithelial cell receptors (26) . Recent data show that the GAS R28 antigen (nearly identical to Alp3) is involved in binding to epithelial cells (21) .
The modular structures of Alp2 and Alp3 suggest that that they are products of mosaic formation, another well described process contributing to antigenic diversity in a number of pathogens, including Neisseria gonnorheae (27) , GAS (14, 28) , Streptococcus pneumoniae (29) , and Hemophilus influenzae (30) . Mosaics are thought to result from horizontal gene transfer of partial or whole *Also homologous to cation transport proteins in multiple species.
Fig. 4.
Multiple sequence alignments of the deduced amino acid sequences of the repeat regions of the alpha-like proteins. Alignments of the repeat regions illustrated conserved motifs near the beginnings and ends of the repeats. Black boxes indicate identity, and gray boxes indicate similarity. Al2alpha, alpha-like repeat element from Alp2; Alphac, alpha C protein repeat element; Al3b, B repeat element from Alp3; Rib, repeat element from protein Rib; Al2b, B repeat element from Al2; Espb, B repeat element from Esp; Espc, C repeat element from Esp; Al2au, A repeat element and beginning of U region from Alp2A. Because the sequence of R28 from GAS essentially is identical to that of Alp3 (98% overall, 96% within the region shown above), it was not included as a separate protein in this figure. Alpha C protein sequence is from ref. genes and their subsequent incorporation by recombination. In the present study, the N-terminal half of Alp3 contains modules that are highly similar to those of the alpha C and beta C proteins, whereas the C-terminal half essentially is identical to that of protein Rib. Alp2 contains the same N-terminal modules, a tandem repeat region apparently derived from protein Rib, and an additional repeat apparently derived from the alpha C protein. Because the alpha C and Rib proteins are thought not to coexist on individual GBS strains, we hypothesize that the individual blocks of DNA that make up the mosaic proteins of the newer serotypes were transmitted horizontally before recombination, although we cannot formally exclude the possibility of intragenomic recombination events. Multiple sequence analysis of Alp2, Alp3, alpha C, Rib, and the related Esp reveals a conserved motif at the junction of several repeat sequences that is present even in repeat elements that otherwise do not share significant homology. Substitutions within this motif are largely nonsynonymous, an indication that it is at the nucleotide level that conservation occurs. A putative role of this motif as a recombination hotspot is consistent with these data and supports the recombination model. We showed previously that some of the repeat-containing GBS proteins are serologically cross-reactive (4, 5) . This crossreactivity probably arises from conserved modules present within different proteins. Immunologic methods of identifying GBS surface proteins with currently available antisera therefore may be misleading and should be used with caution, especially for epidemiologic classification of strains.
Except for the number of repeats, the sequence of Alp3 is nearly identical to the sequence of R28 from S. pyogenes, which became available during the preparation of this manuscript (21) . This determination at the genetic level of a surface protein common to both group A and group B streptococci supports the hypothesis that the protein plays an important role in virulence of these organisms, perhaps by mediating attachment to mucosal surfaces (21) . This gene transfer among streptococcal species is not without precedent; highly similar genes encoding a C5a peptidase have been sequenced from GAS, GBS, and group G streptococci (GGS) (31) . Emm12, encoding the M12 protein gene, has been demonstrated in divergent GAS and GGS strains, thus suggesting horizontal acquisition (32) . In GGS, a mosaic sequence containing elements of the GAS vir regulon has been identified, the structure of which suggests en bloc transfer of the vir regulon from GAS to GGS, followed by rearrangement events (33) . These data and the findings we presented here imply that there is a global gene pool for these streptococcal species, analogous to those described for neisserial species (27) and for other streptococci (34) . By this model, related species occasionally exchange DNA from a pool of genetic material available to related strains (27) . The high degree of cross-species identity in R28 and Alp3 is strong evidence for a recent transfer event, which is striking given the natural incompetence of both of these species. The mechanism for gene transfer between GBS and GAS is unknown; sequence analysis of the flanking regions of the R28 gene might reveal evidence of a particular mechanism, such as a recombination event at a highly homologous chromosomal locus or a transposon insertion. Database searches of the GAS and enterococcal genome sequencing projects have not revealed a related protein in the strains being sequenced.
With few exceptions, GBS strains of a given polysaccharide serotype contain the same alpha-like protein (disregarding tandem repeat number) (2, 4, 5, 9) . Thus, the alpha C protein is largely exclusive to type Ia, Ib, and II strains, protein Rib appears to be exclusive to type III strains, and Alp3 is present on most type V and VIII strains, but not on strains of other serotypes. This polysaccharide͞protein concordance is in contrast to the distribution of PspA, for example, which is independent of capsular serotype (15) . This concordance may reflect clonal lineages within a species that is naturally incompetent and is consistent with several studies showing a predominance of individual clones among clinical GBS isolates (35, 36) . Alternatively, it is conceivable that there is a functional linkage between the alpha-like proteins and polysaccharide serotypes that would require this specificity.
In conclusion, our data suggest that multiple factors promote a high degree of local variability at the GBS alpha-like protein locus. We hypothesize that these genes contain hotspots for recombination that have resulted in mosaic variants after horizontal gene acquisition, perhaps from an extensive gene pool. The finite number of variants recognized so far indicates that these events are uncommon, or at least that only certain mosaic variants subsequently are maintained. This selection could occur via fulfillment of functional criteria, e.g., for epithelial cell binding or for a specific capsular polysaccharide interaction. Selection by the host immune system plays a role in determining the number of tandem repeats in the tandem repeat region and also may contribute to the selection of stable mosaic variants, although no data specifically address this. The degree to which random mutations and other mechanisms contribute additionally to sequence diversity remains to be studied.
